Parasitic protozoa of the flagellate order Kinetoplastida represent one of the deepest branches of the eukaryotic tree. Among this group of organisms, the mechanism of RNA interference (RNAi) has been investigated in Trypanosoma brucei and to a lesser degree in Leishmania (Viannia) spp. The pathway is triggered by long double-stranded RNA (dsRNA) and in T. brucei requires a set of five core genes, including a single Argonaute (AGO) protein, T. brucei AGO1 (TbAGO1). The five genes are conserved in Leishmania (Viannia) spp. but are absent in other major kinetoplastid species, such as Trypanosoma cruzi and Leishmania major. In T. brucei small interfering RNAs (siRNAs) are methylated at the 3= end, whereas Leishmania (Viannia) sp. siRNAs are not. Here we report that T. brucei HEN1, an ortholog of the metazoan HEN1 2=-O-methyltransferases, is required for methylation of siRNAs. Loss of TbHEN1 causes a reduction in the length of siRNAs. The shorter siRNAs in hen1 ؊/؊ parasites are single stranded and associated with TbAGO1, and a subset carry a nontemplated uridine at the 3= end. These findings support a model wherein TbHEN1 methylates siRNA 3= ends after they are loaded into TbAGO1 and this methylation protects siRNAs from uridylation and 3= trimming. Moreover, expression of TbHEN1 in Leishmania (Viannia) panamensis did not result in siRNA 3= end methylation, further emphasizing mechanistic differences in the trypanosome and Leishmania RNAi mechanisms.
D
ifferent classes of small RNAs in the size range of 20 to 30 nucleotides (nt) influence eukaryotic gene expression in a variety of ways (1) . MicroRNAs (miRNAs) control the expression of endogenous mRNAs, whereas small interfering RNAs (siRNAs) and germ line-specific Piwi-interacting RNAs (piRNAs) defend the genome from potentially dangerous mobile elements. Small RNAs act with specific members of the Argonaute (AGO) "slicer" enzyme family to form an RNA-induced silencing complex (RISC) and target homologous mRNAs. The 3= ends of the small RNAs bind to the PAZ domain of AGO through conserved residues (2) (3) (4) (5) .
Terminal modification is evolving as a signature to regulate the function of small RNAs. Central to this theme is the HEN1 methyltransferase, which modifies certain small RNA species by the addition of a methyl group, which is transferred from S-adenosylmethionine (SAM) onto the 2=-OH group of the 3= ribose ring (6) (7) (8) (9) . Small RNAs modified by HEN1 orthologs include Arabidopsis thaliana siRNAs and miRNAs (10) , mouse, Caenorhabditis elegans, Drosophila melanogaster, and zebrafish piRNAs (11) (12) (13) , Drosophila endogenous siRNAs and the 26G class of C. elegans siRNAs (14) (15) (16) (17) , and a class of small RNAs in Tetrahymena (18) . Different classes of small RNAs are loaded into specific AGO family members, and the loading specificity is influenced by the guide RNA's mode of action and its methylation status (14) (15) (16) .
In Argonaute homologs of the Piwi clade, the size of the binding pocket combined with its hydrophobic features are consistent with the preferential binding of 2=-O-methylated small RNAs over molecules with a 2=-OH group (4, 15, 19) . It has been suggested that the 3= ends of piRNAs and siRNAs become dislodged and bind fully to their targets before cleavage (19, 20) . This correlates with the fact that these RNA species require perfect complementarity to their substrate. On the other hand, animal miRNAs mainly require target homology at their 5= ends, and therefore the 3= end remains bound to Argonaute and does not need the protection afforded by methylation.
Methylation by HEN1 has a stabilizing effect on small RNAs (13, 18, (21) (22) (23) (24) (25) . In certain cases, such as in Drosophila, HEN1 knockout results in a reduction in small RNA size (26) . In other organisms, however, small RNAs are increased in size, as they are subjected to 3= uridylation, marking them for eventual degradation (10, 13, 27, 28) . Uridyl transferases act on unmethylated small RNAs in Chlamydomonas (28) , humans (29) , Arabidopsis (27, 30) , and probably Leishmania (Viannia) braziliensis (31) .
HEN1 is found in bacteria and eukaryotes but not in archaea (8) . Following the classification of Huang (8) , eukaryotic HEN1 enzymes fall into two clusters. The first, represented by plant HEN1, contains several domains in addition to the C-terminal methyltransferase domain, including two double-stranded RNA (dsRNA) binding motifs, and methylates both miRNAs and siRNAs in their double-stranded state prior to loading into Argonaute (6, 7, 23, 32, 33) . In contrast, HEN1 from the second eukaryotic group, found in protozoa and metazoa, lacks identifiable domains beyond the N-terminal methyltransferase domain and acts on single-stranded siRNAs and piRNAs after they have been loaded into the appropriate Argonaute family member (12, 14, 17, 34) . A third, bacterial, subfamily of HEN1 homologs have a rather different function as part of an RNA repair pathway, marking the 3= ends of broken RNAs and protecting them from further damage (35) (36) (37) . The methyltransferase domain in this subfamily is found at the C terminus of the protein.
The protozoan parasite Trypanosoma brucei has a functional RNA interference (RNAi) pathway guided by siRNAs derived mainly from long double-stranded RNAs from the retroposons INGI and SLACS and from the CIR147 family of satellite-like repeats (38, 39) . At present, there are five known essential RNAi genes in T. brucei, encoding the following proteins: a single, mainly cytoplasmic, Argonaute, T. brucei AGO1 (TbAGO1) (40, 41) , two Dicer homologs (the nuclear Dicer, TbDCL2 [42] , and a cytoplasmic sentinel Dicer, TbDCL1 [43] ), a 3=-5= exonuclease required for TbAGO1 loading of guide siRNAs (TbRIF4) (44) , and the TbDCL1 cofactor TbRIF5 (44) . These five genes are also found in the genomes of the other RNAi-proficient kinetoplastids, namely, the African trypanosomes Trypanosoma congolense and Trypanosoma vivax and Leishmania (Viannia) spp. (45, 46) , but not in Trypanosoma cruzi or Leishmania major. Previous work by our group has shown that siRNAs in T. brucei are resistant to ␤-elimination, indicating the presence of 3= end modification and suggesting the presence of a HEN1 homolog in this organism (42) . In contrast, the 3= ends of siRNAs in L. (V.) braziliensis are not modified and a HEN1 homolog is not evident in the L. (V.) sp. genomes (31) .
In this study, we characterized a sixth auxiliary T. brucei RNAi factor, TbHEN1, belonging to the metazoan subfamily of HEN1 methyltransferases. TbHEN1 modifies the 3= ends of siRNAs and protects them from uridylation and subsequent shortening, but it only modestly affects overall RNAi efficiency. TbHEN1 is incapable of modifying L. (V.) panamensis siRNAs in vivo, further underlining the divergence in the RNAi mechanisms of the African trypanosomes and RNAi-proficient Leishmania species.
MATERIALS AND METHODS
Standard methods. Previously published procedures were followed for transfection of trypanosome YTat 1.1 cells (47) , generation of knockout cell lines by PCR-based methods (48) , Northern blotting of total RNA (38) , Western blotting (40), S100 preparation (38) , preparation of small RNAs (44) , size fractionation (49), immunoprecipitation (40) , reverse transcription-PCR (RT-PCR) (44) , preparation of oligonucleotide probes (44) , and preparation and analysis of siRNA libraries (31) .
Antibodies, RNA immunoprecipitation, and oligonucleotides. Mouse monoclonal antibodies to the BB2 epitope of the major structural protein of the Saccharomyces cerevisiae Ty1 virus-like particle were generated in Keith Gull's laboratory. Tandem affinity purification (TAP)-tagged AGO1 was immunoprecipitated with anti-protein A antibody (Sigma), and small RNAs were purified from the immunoprecipitates by extracting the beads with phenol-chloroform.
The following oligonucleotides were used for RT-PCR: HEN1, Hen1 forward (5=-TCCGTATATGGGAACGGCGGTGAC-3=) and Hen1 reverse (5=-GAGGTCCCCTTGAACGAACTCAAC-3=); and histone H4, H4 forward (5=-TGGTGAGGCTAAGGGATCGCAGAAGCG-3=) and H4 reverse (5=-GCAATCGCATCTCCAGATGATCTAGTG-3=). The following oligonucleotide probes were used: SLACS siRNAs (5=-TACCGTCGT GAAGAAGAAGAAACACTG-3=), CIR147 siRNAs (5=-CACACGTATGA ACGCGTATTTTA-3=), GFP siRNAs (5=-TTCAACAAGAATTGGGACA ACTCCAG-3= and 5=-AGTAAAGGAGAAGAACTTTTCAC-3=), and tubulin mRNA (5=-ATAGAAGTGCTTTGTTGTTGTTGTTAGTGGTG CTAGTACCTACTGTTGCTAATATAAACGGATGAATAGTCCTTTG CTTAAACTAGTG-3=).
Preparation of probes by random priming. Longer DNA probes were internally labeled with [␣-32 P]dCTP using the Rediprime II random prime labeling kit (GE Healthcare), according to the manufacturer's instructions. Hybridizations were carried out in hybridization solution (0.6 M NaCl, 4 mM EDTA, 120 mM Tris-HCl [pH 7.4], 10ϫ Denhardt's solution, 1% SDS, 1 g/ml total yeast RNA) overnight at 65°C. Washes in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.2% SDS were carried out at 65°C. Blots were analyzed with a PhosphorImager.
␤-Elimination. ␤-Elimination was carried out on 10 g purified small RNA as previously described (34, 42) .
RESULTS

Ablation of
TbHEN1 affects the sizes of siRNAs. Homologs of HEN1 were identified by BLAST searches of kinetoplastid genomes using the human HEN1 gene. HEN1 homologs, annotated as hypothetical proteins, were found in T. brucei (Tb927.10.12600), in related African trypanosomes (T. congolense [TcIL3000. 10.10730] and T. vivax [TvY486_1012250]), and in Crithidia fasciculata (part of contig gbԽAODS01000527.1), a nonparasitic "outgroup" containing RNAi genes and siRNA-size molecules following expression of a green fluorescent protein (GFP) hairpin (46) . However, no HEN1 homolog could be identified in the RNAi-proficient kinetoplastid Leishmania (Viannia) braziliensis (45, 46) . Like animal HEN1 enzymes, the kinetoplastid HEN1s contain a methyltransferase domain at the N-terminal end of the protein and lack predicted RNA binding motifs (Fig. 1A) . Sequence alignment shows that residues responsible for SAM binding, metal coordination, and phosphate backbone interaction (8) are conserved in African trypanosomes and Crithidia (Fig. 1B and data not shown).
To investigate the function of TbHEN1, we constructed a null cell line, hen1 Ϫ/Ϫ , in cultured procyclic (insect-form) T. brucei ( Fig. 2A) and monitored the accumulation of repeat-derived siRNAs in hen1 Ϫ/Ϫ parasites by Northern blotting (Fig. 3A ). There is a significant difference in the size distributions of the siRNA molecules: in hen1 Ϫ/Ϫ parasites, a ladder of 10 products with distinct sizes is visible between nt 15 and 25 ( 4) . Quantification of the amount of siRNAs showed only a slight reduction in hen1 Ϫ/Ϫ cells, i.e., 11% and 6% reductions for SLACS and CIR147 siRNAs, respectively. Integration of a complementation cassette containing TbHEN1 tagged with BB2 and FLAG into the tubulin locus of hen1 Ϫ/Ϫ cells (hen1c) (Fig. 2A , lane 4, and B, lane 3) restored wild-type siRNA length (Fig. 3A, lanes 3 and 6) .
In the absence of TbHEN1, siRNAs carry nontemplated 3= U residues. To allow a more detailed analysis of siRNA length distribution and structure, we generated libraries of TbAGO1-associated siRNAs from wild-type and hen1 Ϫ/Ϫ genetic backgrounds using established procedures (31) . The libraries were sequenced on the Illumina Platform, and the lengths of siRNAs and the distribution along the T. brucei 11-megabase chromosomes (GeneDB version 5) were analyzed using a bioinformatics pipeline described previously (31) . The sequence data from this study have been submitted to the NCBI Sequence Read Archive (SRA) at http: //www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi under accession no. SRP027510. Consistent with our previous results (39), reads from wild-type cells vary in size from 21 to 26 nt, with the majority of the reads being 23 and 24 nt in length (Fig. 3B) . In contrast and in agreement with our Northern blotting results (Fig. 3A , lanes 2 and 5), reads from hen1 Ϫ/Ϫ parasites are reduced in length, ranging from 17 to 25 nt, and have a much broader peak than wild-type reads (Fig. 3B ).
Many unmethylated small RNAs are 3= uridylated by dedicated enzymes, marking them for degradation (10, 13, 50) . To assess the possibility that tailing activities could be acting on the 3= ends of T. brucei siRNAs in a hen1 Ϫ/Ϫ genetic background, we used previously designed custom scripts to identify nontemplated nucleotides at siRNA 3= ends (31) . This revealed a significant proportion (5.0%) of siRNAs from wild-type cells carrying a nontemplated 3= A residue, which was reduced to 1.7% in the absence of TbHEN1 (Fig. 3C ). On the other hand, 2.5% of the reads from wild-type trypanosomes carried a nontemplated 3= U residue, which increased to 6.2% in hen1 Ϫ/Ϫ parasites (Fig. 3C) . In-depth analysis of the reads carrying nontemplated 3= residues did not reveal a particular subclass or length class of siRNAs acquiring this modification; i.e., these reads originated from all the major siRNAproducing loci in T. brucei (39) with a size distribution similar to the one shown in Fig. 3B .
The 3= ends of siRNAs are modified by TbHEN1. To test whether TbHEN1 is involved in modifying the 3= ends of siRNAs, we used periodate oxidation followed by ␤-elimination. This treatment removes the 3= nucleotide of an RNA molecule if no modifications are present at the 2=-or 3=-OH moieties, leading to an increase in the electrophoretic mobility of unmodified siRNAs (51) . In contrast, 3=-end-modified molecules are immune to ␤-elimination. Consistent with our previous work (42), siRNAs derived from wild-type cells were resistant to ␤-elimination (Fig.  4A, lane 2) . On the other hand, the electrophoretic mobility of siRNAs from hen1 Ϫ/Ϫ cells increased following treatment (Fig.  4A, lane 4) , providing evidence that TbHEN1 is involved in the methylation of the 3= ends of siRNAs.
To corroborate the requirement of TbHEN1 in the methylation of siRNA 3= ends, we mutated the conserved D71 active-site residue in the methyltransferase domain (Fig. 1B) to Ala in the context of the TbHEN1-BB2-FLAG complementation cassette. 
This construct was introduced into hen1
Ϫ/Ϫ cells (hen1c-D71A) (Fig. 2B, lane 4) , and the sizes and structures of siRNAs derived from hen1c-wt and hen1c-D71A cells were compared. We found that expression of wild-type TbHEN1 restored the wild-type size distribution of siRNAs (Fig. 3A, lanes 3 and 6, and 4B, lane 3) and resistance to periodate oxidation/␤-elimination (Fig. 4A, lane 6) . On the other hand, expression of the active-site mutant had only a minor effect on the size distribution or periodate oxidation/␤-elimination sensitivity of siRNAs in hen1 Ϫ/Ϫ cells (Fig. 4A, lane 8, and B, lane 4). Therefore, TbHEN1 activity is dependent on a predicted methyltransferase active-site residue. TbHEN1 acts on single-stranded siRNAs associated with TbAGO1. To begin to place TbHEN1 in the T. brucei RNAi pathway, we took advantage of previously characterized rif4 Ϫ/Ϫ cells (44) . TbRIF4 is a 3=-5= exonuclease required for RISC formation; siRNAs in rif4 Ϫ/Ϫ parasites are double stranded and are not associated with TbAGO1. Using periodate oxidation/␤-elimination, we showed that siRNAs in rif4 Ϫ/Ϫ cells lack 3= modifications ( Fig. 5, lane 4) , suggesting that TbHEN1 does not act on doublestranded siRNAs.
Next we tested whether the siRNAs in hen1 Ϫ/Ϫ cells were associated with TbAGO1 by two different approaches. First, we fractionated a cytoplasmic extract derived from hen1 Ϫ/Ϫ cells on a Superdex-200 size exclusion column and monitored the distribution of TbAGO1 and siRNAs (Fig. 6A) . As previously observed with wild-type extracts (49), TbAGO1 and siRNAs also cofractionated in extracts from hen1 Ϫ/Ϫ cells. Second, we asked whether siRNAs could be coimmunoprecipitated with TAP-tagged TbAGO1 in the absence of TbHEN1 (Fig. 6B) . We found that the majority of siRNAs of all size classes could be detected in the immunoprecipitate in the hen1 Ϫ/Ϫ background (lane 2). Finally, we asked whether siRNAs associated with TbAGO1 are single stranded or double stranded. We purified RNAs from wildtype and hen1 Ϫ/Ϫ S100 extracts and analyzed the samples on a native polyacrylamide gel with or without denaturation at 100°C (Fig. 6C) . A radiolabeled double-stranded synthetic siRNA was used as a control (lanes 1 and 2) . Following Northern blot hybridization with a CIR147 probe, most siRNAs from wild-type and hen1 Ϫ/Ϫ cells appeared to be single stranded (lanes 3 and 5), whereas the synthetic siRNAs were double stranded (lane 1). Taken together, our results suggest that TbHEN1 deficiency blocks methylation of single-stranded siRNAs associated with TbAGO1.
Shorter siRNAs accumulate in hen1 ؊/؊ cells independently of the presence of target transcripts and impairment of TbAGO1 slicer activity. Structural studies have shown that the 3= ends of Ϫ/Ϫ cell line with HEN1-BB2-FLAG. Low-molecular-weight RNAs isolated from cell lines as indicated above each lane were separated by denaturing gel electrophoresis and analyzed by Northern hybridization with a SLACS-specific probe. Load, hybridization to 5S rRNA. 26 nt, DNA marker.
FIG 5 Analysis of siRNA 3= end modifications in rif4
Ϫ/Ϫ cells. Total RNA isolated from wild-type or rif4 Ϫ/Ϫ cells was treated (ϩ) or not (Ϫ) with sodium periodate, followed by ␤-elimination. RNAs were separated on a 16% denaturing gel and analyzed by Northern blotting with a SLACS-specific probe. Ϫ/Ϫ (lanes 5 and 6) cells were resolved on a native polyacrylamide gel without (Ϫ) or with (ϩ) heating of the samples to 100°C for 2 min prior to electrophoresis and analyzed by Northern blotting with a CIR147 probe. A radiolabeled synthetic dsRNA oligonucleotide was used as a control (lanes 1 and 2) .
Drosophila siRNAs are released from the Argonaute PAZ domain on target binding, allowing more extensive base pairing between target and guide strand (26, 52, 53) . However, this leaves the 3= end vulnerable, and modifications are needed to protect the siRNA from uridylation and trimming (3, 4, 26) . We reasoned that if the 3= ends of the siRNAs protruded from TbAGO1 in the same way during recognition and degradation of homologous mRNA targets, this could leave it susceptible to exonucleases in hen1 Ϫ/Ϫ cells. Therefore, we hypothesized that if we removed either the target or the slicer activity from the system, siRNAs would be restored to wild-type size. To test this hypothesis, we first generated cell lines expressing a GFP hairpin sequence (leading to the generation of GFP-derived siRNAs) in wild-type and in hen1 Ϫ/Ϫ backgrounds. We then stably expressed the GFP gene in these cell lines, allowing us to compare the steady-state siRNA population with or without the expression of target mRNA (Fig. 7A) . Northern blotting showed that there was no change in the length of GFP siRNAs in the absence of homologous GFP mRNA (compare lanes  3 and 4) . Second, to test whether a disabled, slicer-deficient Argonaute would affect siRNA size, we assayed endogenous siRNAs in cells expressing either wild-type TbAGO1 or TbAGO1 lacking the RGG domain (⌬RGG TbAGO1) in a hen1 Ϫ/Ϫ background (Fig. 7B) . ⌬RGG TbAGO1 is loaded with siRNAs but is deficient in the effector step of RNA, meaning that it is impaired in cleaving homologous mRNAs (54) . Northern blotting examining CIR147 siRNAs showed that expression of slicing-defective ⌬RGG TbAGO1 did not affect siRNA length (compare lanes 2 and 3) . Thus, the AGO1 slicer activity does not seem to be required for trimming siRNAs in a hen1 Ϫ/Ϫ background. TbHEN1 moderately affects RNAi efficiency. To determine TbHEN1's functional importance in T. brucei RNAi, RNAi efficiency in hen1 Ϫ/Ϫ cells was measured in two ways. We first monitored nuclear RNAi by analyzing the accumulation of long chromosome-internal repeat (CIR147) transcripts by Northern blotting (Fig. 8A) and by semiquantitative RT-PCR of CIR147 sequences (Fig. 8B) . The small but reproducible increase in these transcripts in hen1 Ϫ/Ϫ cells revealed a partial defect in the nuclear RNAi pathway (42) . We then assessed the cytoplasmic response of hen1 Ϫ/Ϫ cells to transfection of double-stranded RNA (dsRNA), which in wild-type trypanosomes results in the degradation of homologous mRNA (47) . Transfection of cells with dsRNA derived from tubulin transcripts did not reveal a reduction in the level of mRNA degradation; in fact, the efficiency of mRNA degradation increased slightly (Fig. 8C) . For example, transfection with 1 g dsRNA caused degradation of 44% of homologous mRNA in wild-type cells, compared to 71% in hen1 Ϫ/Ϫ cells. This result was confirmed by transfections with a dsRNA targeting a second endogenous transcript (paraflagellar rod) (data not shown).
TbHEN1 cannot mediate siRNA modification in L. (V.) panamensis. We have previously shown that siRNAs derived from Leishmania (Viannia) species are not modified at the 3= ends, reflecting the apparent lack of HEN1 in the genome (31) . We tested whether a T. brucei TbHEN1-GFP fusion protein was able to modify Leishmania (Viannia) sp. siRNAs in vivo. To do this, we generated a Leishmania (Viannia) panamensis cell line that stably expresses TbHEN1-GFP (Fig. 9A) . The TbHEN1-GFP cassette is able to complement a hen1 Ϫ/Ϫ cell line in T. brucei (Fig. 9C , lane 4), establishing that the tagged protein is functional. Furthermore, Western blotting showed that the TbHEN1is expressed at a much higher steady-state level in L. (V.) panamensis than in the equivalent T. brucei complementation cell line (Fig. 9A, compare lanes 2  and 4) . However, in the Lphen1c cells the siRNAs are not modified at the 3= ends and therefore remain sensitive to ␤-elimination (Fig.  9D, lane 4) , suggesting that TbHEN1 is not able to modify the siRNAs generated in this L. (V.) panamensis cell line.
DISCUSSION
The core and essential components of the RNAi machinery in kinetoplastids consist of AGO1, DCL1, DCL2, RIF4, and RIF5 (44) . In this paper we report the characterization of an RNAi factor found in the African trypanosomes and Crithidia but not in the RNAi-proficient Leishmania (Viannia) subgenus, namely, the siRNA methyltransferase HEN1. We had previously shown that the 3= ends of siRNAs in wild-type T. brucei are modified at the terminal ribose (42) . In this work, we provide evidence that these modifications are methyl groups transferred by TbHEN1 onto the 2=-OH site. We make this conclusion based on the following: first, the conserved methyltransferase domain in TbHEN1; second, the lack of modifications following genetic ablation of TbHEN1 or mutation of a methyltransferase active-site residue; and third, comparison with functional analyses of HEN1 in other organisms (6, 9-12, 17, 55) . We went on to assess the functional relevance of siRNA methylation.
The sequence of TbHEN1 is similar in structure to those of metazoan HEN1 homologs (containing a methyltransferase domain at the N terminus but no other recognizable conserved domains), which act on small RNAs already complexed with Argonaute (12, 14, 17, 34) . If TbHEN1 acts in the same way as this family of HEN1 enzymes, we would expect the siRNAs to be modified after RISC formation. In support of this model, we found that unmodified siRNAs in hen1 Ϫ/Ϫ cells are associated with TbAGO1 in a single-stranded form. In addition, siRNAs in rif4 Ϫ/Ϫ cells, which are not loaded into TbAGO1, are double-stranded and unmodified, suggesting that TbHEN1 acts downstream of TbRIF4 on siRNAs that are part of RISC. This observation supports the grouping of TbHEN1 with metazoan rather than plant or bacterial HEN1s on a sequence level as well as a functional level.
We showed by removal of target RNA and by use of a slicingdeficient TbAGO1 mutant that the reduced length of siRNAs in the absence of TbHEN1 is not dependent on guide siRNA interaction with target mRNA. A 3=-5= exonuclease, Nibbler, trims the 3= ends of miRNAs in Drosophila (56, 57) , and a family of four small RNA-degrading nuclease (SDN) enzymes act on Arabidopsis siRNAs (58) . However, a direct link between these exonucleases and the trimming of small RNAs in the absence of HEN1 has not been shown. The 3=-5= RNAi exonuclease TbRIF4 is a good candidate for this activity in T. brucei, and we are investigating this possibility.
TbHEN1 slightly increases the efficiency of, but is not essential for, nuclear RNAi. This is consistent with its lack of conservation throughout the RNAi-proficient kinetoplastids and the fact that knockout of HEN1 homologs in other eukaryotic species has been observed to reduce, but not ablate, RNAi (13, 14, 23) . The enhanced response to exogenous, transfected dsRNA in hen1 Ϫ/Ϫ T. brucei is echoed in similar observations for HEN1-deficient C. elegans (14) and dcl2 Ϫ/Ϫ T. brucei cells, which are defective in nuclear RNAi (42) . In both cases, it has been proposed that a decrease in the level of endogenous siRNAs increases Argonaute sensitivity to the exogenous RNAi trigger. Although the total amount of siRNA associated with TbAGO1 is not much altered, the shorter siRNAs in hen1 Ϫ/Ϫ cells might have reduced function in the recognition of homologous target RNA, accounting for the impaired nuclear RNAi efficiency. It has been shown that RNAi in Drosophila embryo lysates and mammalian cells is exquisitely sensitive to siRNA length (59, 60) .
panamensis can mediate efficient RNAi, and they resemble the siRNAs present in T. brucei hen1 Ϫ/Ϫ cells (31): they are smaller, with a wider range of siRNA lengths than siRNAs derived from wild-type T. brucei. In both T. brucei hen1 Ϫ/Ϫ cells and wild-type Leishmania (Viannia) sp. parasites, a proportion of siRNAs are uridylated at their 3= ends (31) . Such uridylation has been linked to degradation of small RNA species in several organisms (10, 13, 27, 28) . On the other hand, adenylation of small RNAs, the modification we observed in siRNAs from wild-type T. brucei, has been observed in mammals and in plants, leading to an increase in small RNA stability (61) (62) (63) .
This diversity of RNAi mechanisms throughout the kineto- plastids is underlined by an apparent incompatibility of their components: expression of TbHEN1 in Leishmania does not lead to methylation of Leishmania siRNAs. In our model TbHEN1 acts on siRNAs after their association with AGO1, suggesting a difference in the siRNA-AGO1 complex in Leishmania to the extent that TbHEN1 is unable to modify siRNAs bound to LpAGO1. Similarly, even though human AGO2 can partially complement RNAi in ago1 Ϫ/Ϫ T. brucei, LbAGO1 cannot (64) . This parallels the phylogenetic divergence of the RNAi systems in these organisms (46) : it is thought that TbAGO1 and LbAGO1 both evolved from a common RNAi-proficient kinetoplastid ancestor, with independent loss of RNAi in each branch of the tree. It is not known whether HEN1 was found in this kinetoplastid ancestor. However, its presence in the Crithidia genome suggests that it was present and subsequently lost in the Leishmania lineage (see Fig. 7 in reference 46) .
The five essential RNAi factors, plus TbHEN1, are likely not the only proteins involved in T. brucei RNAi. Other potential speciesspecific factors that would not have been identified in the bioinformatic screen that identified TbRIF4 and TbRIF5 (44) could remain unknown. In addition, it is possible that some housekeeping genes have been coopted into a secondary RNAi function, as is the case for heat shock proteins in organisms such as Drosophila and Arabidopsis (65) (66) (67) . Thus, we expect the discovery of more factors as our knowledge of the RNAi mechanism increases. Ϫ/Ϫ cell line with TbHEN1-GFP. Low-molecular-weight RNAs were separated by denaturing gel electrophoresis and analyzed by Northern hybridization with a SLACS-specific probe. Load, hybridization to 5S rRNA. 26 nt, DNA marker. (D) Total RNA isolated from L. panamensis wild-type or hen1c cells expressing TbHEN1-GFP or from T. brucei wild-type cells was treated (ϩ) or not (Ϫ) with sodium periodate, followed by ␤-elimination. RNAs were separated on a 16% denaturing gel and analyzed by Northern blotting with a TATE (L. panamensis) or SLACS (T. brucei) probe.
